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DETERMINATION OF DECAY RATES AND DIFFERENTIAL SURVIVAL OF
ESCHERICHIA COLI AND ENTEROCOCCUS SPP. STRAINS UNDER
HYDRODYNAMICALLY ACTIVE CONDITIONS USING BOX-PCR TYPING
Phoebe West Koch
ABSTRACT
Indicator organisms (IOs) such as Escherichia coli and Enterococcus spp. are
used to predict the presence of pathogens in waters. Determining the relationships
between environmental factors, IOs, and pathogens is a key to assessing water quality
and ensuring public health, yet certain strains of E. coli and Enterococcus spp. survive for
long periods in natural waters. Molecular subtyping, using repetitive extragenic
palindromic DNA sequences (BOX-PCR), has been used to discriminate among
environmental E. coli and Enterococcus spp. isolates. The reproducibility of BOX-PCR
patterns varies with DNA purification methods; therefore, it is important to develop a
standardized, rapid, high throughput DNA purification protocol for population biology
studies. I have compared the effects of DNA purification methods on the reproducibility,
cost, and speed of producing BOX-PCR patterns using three methods: a commercially
available Qiagen kit (Qiagen DNeasy tissue), a whole cell method requiring no pretreatment, and a method developed in-house using the MacConnell Mini-prep 96 (miniprep) instrument. The whole cell method was the least expensive, but demonstrated the
least precision (reproducibility). The Qiagen kit and the Mini-prep 96 showed high
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reproducibility (90-95%); however, the Mini-prep 96 is less expensive and very rapid,
allowing processing of up to 192 isolates/day.
Water and sediment from a Florida river were placed in an outdoor flume that
maintained turbulent flow and oxic conditions in the water column (~11 mg/L). The
flume was inoculated with seven E. coli strains and nine Enterococcus spp. of distinct
BOX-PCR phylotypes. Putative “survivor” strains previously isolated from mesocosms
and disinfected wastewater effluent and control laboratory strains were chosen to test the
hypothesis of differential survival of strains under hydrodynamically active conditions.
IO strains isolated each day were typed by BOX-PCR (n=100 isolates/day), revealing
differential survival of certain E. coli and Enterococcus strains. Ultimately, a better
understanding of the effect of hydrodynamic regime and phylotype distribution on IO
survival in water will allow more accurate modeling of the fate of these organisms in
aquatic environments. This will in turn lead to a better understanding of the organisms we
use as indicators of pollution. This is necessary to ensure the health and safety of all
recreational water users.

xi

INTRODUCTION

Fecal Contamination in Recreational Waters
Exposure to waterborne pathogens can occur through activity in contaminated
recreational waters. This link between contaminated water and illness was first
recognized in 1854 when John Snow proposed that the cholera outbreak in London was
due to drinking water contamination by sewage (52). Today, sewage contamination
events may result in closing of recreational waters and shellfish beds, which leads to loss
of revenue and negatively impacts tourism. Sources of this contamination include failing
sewer or septic lines, agriculture animal waste, or storm water run-off.
The fecal/oral route of transmission is the pathway leading to disease in humans
after exposure to contaminated waters. Many bacteria, viruses and protozoa are
transmitted via this route causing disease in the respiratory, ocular, or gastrointestinal
track of humans. Vibrio cholerae, Salmonella enterica, Vibrio vulnificus, Aeromonas
hydrophila, Leptospira interrogans, Enterovirus, noroviruses, Cryptosporidium spp., and
Giardia intestinalis are examples of pathogens that may be introduced to waters during a
contamination event (30). Reliable monitoring of recreational waters for pathogens or
their indicators is essential to maintain public health.
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The Indicator Organism Concept
The link between contaminated water and disease fueled the search for an organism
that would predict the presence of these waterborne pathogens. Characteristics of an
indicator organism should include (25):
•

Present when pathogens are present;

•

Absent when pathogens are absent;

•

Found in high concentrations after a contamination event;

•

Able to persist as long as pathogens in the environmental waters and as resistant
to disinfection and environmental stressors;

•

Non-pathogenic;

•

Non-native and unable to reproduce in the environment;

•

Easily and rapidly detected and enumerated;

•

Presence or concentration correlated with the organism(s) responsible for
associated health risk.

Current Indicator Organisms
Coliforms
E. coli has been used as an indicator of fecal contamination and to predict
pathogen presence from the turn of the 20th century (18). E. coli and other members of
the genus Escherichia, Klebsiella, Enterobacter, and Citrobacter are grouped as total
coliforms and are gram-negative, non-spore forming, rod-shaped bacteria that are
facultatively anaerobic. These bacteria ferment lactose with gas production after 24
hours of incubation at 37°C (7). E. coli and certain strains of the other genera form a
2

subset of this group deemed fecal (or thermotolerant) coliforms. This group of organisms
have the ability to grow in 44.5ºC and were thought to be more indicative of fecal
contamination than the total coliform group (7). The U.S. Environmental Protection
Agency (USEPA) recommends E. coli or Enterococcus spp. as an indicator for fresh
water, and Enterococcus spp. as an indicator for marine water (54). The Florida
Department of Environmental Protection (FDEP) recommends fecal coliforms for fresh
and marine waters (22). The Florida Department of Health (FDOH), which monitors the
beaches of Florida, adopted the FDEP recommendation for fecal coliforms and the
USEPA recommendation for Enterococcus spp. A 100 ml water sample with ≥ 104
Enterococcus spp. and/or ≥ 400 fecal coliforms would be indicative of poor water quality
(http://esetappsdoh.doh.state.fl.us/irm00beachwater/terms.htm).
Enterococcus spp.
Enterococcus spp. are gram positive, catalase negative, aerotolerant fermenters
with the ability to grow in 6.5% sodium chloride, a range of temperatures (10-45°C), and
at elevated pH (9.6) (5). It has been shown that Enterococcus spp. can persist better than
fecal coliforms in seawater and are more resistant to certain environmental stressors such
as high salt concentration (7, 28). Their ability to persist in higher sodium chloride
concentrations has made them the recommended IO in marine waters by the USEPA and
FDOH (22, 54).
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Agency

Recommendation for

Recommendation for

freshwater

marine water

USEPA

E. coli or Enterococcus

Enterococcus spp.

FDEP

Fecal coliforms

Fecal coliforms

FDOH*

Fecal coliforms

Enterococcus and/or fecal
coliforms

Table 1: State and federal recommended IOs
*FDOH is responsible for monitoring the beaches in Florida.
Problems with the Current Indicator Organisms
Ubiquitous Distribution in Feces:
One problem with current indicator organisms listed above is the assumptions
made about their relationships with human health outcomes, i.e. that all sources of these
fecal bacteria present the same health risks. These indicator bacteria are not only found
in the gastrointestinal track of humans but also in the gastrointestinal track of many warm
blooded and some cold blooded animals (29). Contamination from sources other than
humans pose different health risks than contamination from humans therefore, knowledge
of the source of the indicator is important for determining the human health risk and in
determining the effective remediation of the polluted waters (48).
Due to the importance of determining the host source of indicators new methods
have been developed cumulatively called microbial source tracking (MST). These
methods can be categorized into two broad groups: library-dependent and libraryindependent methods (55).
4

Library-dependent methods use a database of phenotypic or genetic “fingerprints”
or patterns that are distinct for each strain within a species used as an indicator organism.
First, a library of patterns is created from known sources (cow, dog, horse). Then,
fingerprints from bacteria collected from a contaminated water body are compared to that
library to determine the source of the indicators. One example of a phenotypic librarydependent method is antibiotic resistance analysis (ARA). A pure culture is grown in the
presence of different antibiotics at varying concentrations. They are then scored for
resistance to develop the ARA pattern. Bacteria from different hosts are exposed to
different antibiotics and at different levels and this varying exposure results in different
ARA patterns for different host strains. Many studies have used this technique to
differentiate human and non- human strains of bacteria (26, 31, 45, 57).
One example of a library-dependent method uses genotypic patterns generated by
BOX-PCR. Many short, palindromic sequences (e.g. REP and BOX elements) are found
dispersed throughout the bacterial genome. BOX-PCR uses a single primer to target
these sequences (13). Primers are designed to read outward from the genetic element so
that segments of DNA between the repeating elements are amplified, resulting in the
production of many amplicons of different sizes (Figure 1). The differences in the sizes
of these amplicons create a visual “fingerprint” when run on an agarose gel (Figure 2).
The BOX-PCR fingerprint was first used to strain type pathogens (36, 56) and more
recently for library based MST methods (13, 16, 35, 43).
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Figure 1: REP-PCR

www.microbe-pharma.com/.../uploaded/RepPCR.gif

Figure 2: Representative BOX-PCR fingerprints
Library-independent MST methods do not require the generation of a library.
One example of this type of method uses the fecal coliform/fecal streptococci (FC/FS)
ratio (32). It has been observed that fecal streptococci are more abundant that fecal
coliforms in animal waste while the opposite was observed in humans (24). However,
studies have shown that once exposed to environmental conditions the persistence of
these two groups differs (15, 21, 23). This difference in survival may cause this ratio to
be less effective in environmental waters. More recently developed library-independent
methods use a target that, when present, indicates a specific host source. This target can
be a gene, bacteria, or virus associated with the specific source (6, 44, 47).
6

An example of a gene used as a target is the enterococcal surface protein (esp)
gene found in the human associated Enterococcus faecium. This gene is a putative
virulence factor and a PCR-based detection assay was developed by Scott et al (47). The
esp gene was found in 97% of sewage samples (n=65) and not in bird or livestock
(n=102).
An example of a bacterial group used as a target is Bacteroides spp. These
bacteria are non-coliform, obligately anaerobic bacteria that are among the dominant
bacteria in feces. Many Bacteroides species and strains have not yet been cultured.
Bernhard et and Field (6) developed primers to differentiate human associated and
ruminant associated Bacteroides spp. This assay does not require culturing, as DNA
extracted directly from the sample is used as the template.
A virus group used for MST is the human polyomaviruses (HPyVs). HPyVs are
secreted from the urine of an infected individual. The infection is usually asymptomatic
and it has been estimated that 27-80% of humans are infected by early childhood (4, 38).
McQuaig et al developed a PCR based method to detect human polyomavirus in
environmental water samples. In this study polyomavirus was detected in 1µl of sewage
and was not detected in cow or pig feces (44).
Effective health risk assessment and remediation of contaminated waters is vital
to ensure the safety of our recreational waters. Microbial source tracking methods aid in
determining the source of this contamination.
Differential Survival in Recreational Waters
Another assumption made in order to use fecal bacteria as an indicator of human
health risk is that the survival of these organisms mimics that of pathogen survival. The
7

survival (persistence) of these indicator organisms in recreational waters impacts their
usefulness for predicting pathogen presence (3). Persistence is defined by the ability of
these organisms to be detected by the methods used in a given study or monitoring
regime. The current methods rely on cultureability on selective-differential media for
detection and enumeration. Many factors contribute to the persistence of indicator
organisms in the environment. Temperature, predation, oxygen concentration, nutrient
concentration, sunlight, and sedimentation are all important factors that may contribute to
persistence (1, 2, 8, 10, 14, 15, 21, 34, 46). Therefore, an understanding of the
differential persistence of the different species and strains of IOs is required to assess
their usefulness.
Temperature
Temperature is one factor that influences indicator organism’s persistence in
water. Flint conducted a study of E. coli in filtered and unfiltered river water microcosms
incubated at various temperatures (21). As temperature increased, persistence decreased.
This is consistent with an experiment conducted by Noble et al that showed a
significantly faster inactivation of E. coli and Enterococcus spp. at 20°C compared to
14°C (46). Another experiment was conducted to study the effect of persistence on both
fecal coliforms and fecal streptococci (32). In this study different substrates were
combined with cow manure and sterile water. Persistence rates were calculated at 4°C,
25°C, and 35°C for both fecal coliforms and fecal streptococci and as temperature
increased, persistence decreased.
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Predation
Predation is a biotic factor in environmental waters that may contribute to the
persistence of indicator organisms. A study conducted by Davies in 1995 (15) examined
the effect of the protozoan inhibitor cycloheximide on the persistence of fecal coliforms,
E. coli and Enterococcus spp. in sediments. When the protozoa were inhibited, fecal
coliforms and E. coli showed a net increase while Enterococcus spp. showed no net
decay. In the presence of protozoa these organisms showed a net die-off. Anderson et al
(1) also reported a net die-off in indicator organisms with the presence of eukaryotic
predators in warm waters.
Sunlight
Sunlight is a major factor influencing the persistence of organisms in
environmental waters. Sunlight contains solar radiation and can cause photooxidative
injury to cells. A study conducted by Fujioka et al (23) investigated the effects of
sunlight on indicator organisms in seawater and freshwater. Fecal coliforms and fecal
streptococci exposed to sunlight were inactivated much faster than those not exposed to
sunlight. Sunlight had less of an effect on the freshwater samples. This was
hypothesized to be due to particles and chemicals in the freshwater that inhibit
penetration of the sunlight.
In a study conducted by Sinton et al, waste stabilization pond effluent was
combined with fresh river water (51). Each chamber exposed to sunlight had an identical
pair that was not exposed to light. All chambers exposed to sunlight had an inactivation
rate 10 times greater than in the dark chambers.

9

Davies et al conducted a study of the effects of sunlight on the enteric bacteria
Salmonella and E. coli in salt water (14). Filter sterilized fresh and marine water was
inoculated with E. coli from sewage and Salmonella from mussels. In these microcosms,
decreased persistence was reported when they were exposed to light.
Noble et al (46) conducted a study testing the effect of many environmental
stressors on indicator organisms. This study reported that solar irradiation increased
decay rate significantly for E. coli and Enterococcus spp. This effect was greater in high
light conditions.
Sediment Habitat
Sediment is one of the most influential factors affecting the persistence of
indicator organisms in environmental waters. Sedimentation occurs when indicator
organisms introduced in to the environment attach to particles and settle in the sediments.
Sediment may provide protection from environmental stressors. Previous studies have
shown that indicator organisms can persist in sediments (2, 10, 20, 37, 53) and some have
indicated that these organisms may even be able to replicate in sediments (10, 12, 53).
One study (20) examined the effect of the sediment habitat on E. coli persistence.
Sterile water and sediment or sterile water only was placed in mesocosms. All
mesocosms were inoculated with pure cultures of E. coli and incubated at room
temperature in the lab. Both water and sediment samples were taken at each sample
period and E. coli was enumerated. In the mesocosms containing sediment the density of
E. coli increased over the sample time. This increase may be due to the lack of
environmental stressors in the sterile laboratory environment. In the mesocosms
containing only sterile water E. coli densities decreased over the sample period.
10

In a mesocosm study conducted by Anderson et al (2) separate mesocosms were
inoculated with contaminated soil, sewage, and dog feces. The slowest decay rates for E.
coli and Enterococcus spp. were reported in the sediments. Furthermore, the type of
inoculum influenced the decay rate. Organisms previously exposed to environmental
conditions (contaminated soil) were better able to persist in the mesocosms than those of
fecal origin.
These studies suggest the existence of certain strains of E. coli and Enterococcus
that are adapted to persist in environmental waters, in which they are exposed to
environmental stressors. These “survivor” strains may demonstrate persistence kinetics
that are not characteristic of other strains, and this differential persistence needs to be
understood to accurately monitor recreational waters.
Resuspension
Indicator organisms’ ability to persist prolonged periods in sediment may also
contribute to recontamination that occurs after a storm event. Resuspension of bacteria in
to the water column from the sediment occurs by wind action, currents, and human
activity (8, 34). The increase in microbial counts after storm events may be due to
resuspension of these microorganisms by the storm event (wind and currents) (9).
Human activity is an important mechanism of resuspension in recreational waters. This
resuspension and therefore recontamination of water bodies contributes to the complexity
of the indicator organism concept.
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The Species Concept
The species concept, as defined in 1942, defines a species as a group of organisms
that can reproduce amongst themselves and no other group, in effect keeping their gene
pools separate (42). This concept, which is still in use today, was developed to name and
group visible organisms into a hierarchy of taxa.
The application of this concept to prokaryotic organisms is problematic.
Prokaryotic organisms are asexual and many readily carry on horizontal gene transfer
(17). The ability of organisms to transfer genes laterally makes defining separate gene
pools for prokaryotic microorganisms difficult. Molecular techniques are presently used
to adapt a species concept to microorganisms. DNA:DNA hybridization is one method
used for defining a prokaryotic species. An outcome of ≥ 70% similarity of genomic
DNA of two isolates would generally define them as the same species (41).
Another approach uses a molecular chronometer to measure evolutionary changes in
an organism. A molecular chronometer is a comparative tool used to group organisms
based on genetic relatedness (59). Variable regions within the conserved sequence of a
molecular chronometer may be used to define a species. Characteristics of a useful
molecular chronometer are:
•

Ubiquitously distributed among all organisms;

•

Homologous function and therefore subjected to the same evolutionary pressures.

•

Rate of change in sequence must be consistent over time;

•

Must contain conserved regions, too much change becomes confusing over time;

•

Variable regions are necessary for differentiating closely related organisms;

12

•

Must be small enough for ease of sequence, but big enough to show evolutionary
changes (59).

The small subunit rRNA sequence is considered to have these characteristics and is a
widely used molecular chronometer. When comparing isolates, ≥ 97% similarity of the
16s rRNA sequence infers the same species (59). This measurement is sometimes
coupled with the DNA:DNA hybridization method when determining genera and species
(41).
Diversity within a Species
Genetic differences within a prokaryotic species are common and may be used to
detect differential persistence of strains within a species (2, 9, 16, 39, 50, 56).
Enumeration of a species may not give the whole picture of persistence due to the genetic
differences and differential persistence of certain strains within a species. Genetic
techniques can be used to develop a “fingerprint” which is matched for identity to other
fingerprints. Previous studies have shown that certain strains of E. coli and Enterococcus
spp. may be able to persist long periods of time in tropical waters and sediments (2, 15).
This differential persistence further complicates the relationship between the IO and the
pathogen.
Strain Typing Methods
Numerous phenotypic, immunogenic, and molecular techniques have been used to
subtype strains belonging to a given bacterial species. These techniques have been used
to differentiate pathogenic strains of a species and also have been used to determine
richness within an environmental sample (27, 56).
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One example of a subtyping technique is multiplex PCR. Multiplex PCR uses
multiple primer sets designed to target a specific region on the genome. All of the
primers are used in a single PCR reaction to simultaneously amplify numerous genes or
regions on the genomic DNA. A study conducted by Hahm et al used multiplex PCR to
target virulence genes of E. coli to differentiate the pathogenic strains (O157:H7) from
non-pathogenic strains(27).
An example of a genotypic subtyping technique is pulsed field gel electrophoresis
(PFGE). This technique is used to separate large fragments of DNA. In this technique,
preparation of DNA is critical due to large size of fragments that are easily broken. Cells
are put in agarose plugs and cell material is digested leaving naked DNA. Restriction
enzymes (e.g. XbaI) are used to digest the DNA. Once the DNA is digested, it is
electrophoresed. In conventional gel electrophoresis, the current is applied in one
direction, from top to bottom. In PFGE, the direction of the current is alternately applied
at an angle from the left and then at an angle from right to left. This process is very
technical and time consuming but allows the entire genome to be examined. (27).
Another genotypic subtyping technique is BOX-PCR. This method is also used
in microbial source tracking to generate genotypic patterns for library-dependent methods
and is described in Figure 1 and Figure 2 (13, 16, 31). A study by Harwood et al in 2002
constructed a library of human and non-human E. coli strains using BOX and REP
primers (31). The BOX primers were shown to have a higher percentage of isolates
assigned to the correct host. Another study that compared the BOX and REP primers
found that BOX primers correctly assigned 94.7% of the human isolates (16). This strain
typing method is used in this study to determine differential persistence of E. coli.
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Hypotheses & Goals of This Study
Most studies of IO decay rates have been conducted under hydrodynamically
static (still) conditions which do not mimic environmental conditions (2). The goal of this
study is 1) to compare persistence models 2) accurately assess the persistence rate of
indicator organisms E. coli and Enterococcus spp. in a freshwater, hydrodynamically
active system and 3) determine if strains of E. coli and Enterococcus spp. show
differential persistence using genomic BOX-PCR patterns to discriminate among strains.
This study will explore the hypothesis that there are certain “survivor” strains of these
indicator organisms that are better adapted to persist in environmental conditions.
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MATERIALS AND METHODS

DNA Purification and BOX-PCR of E. coli Strains
E. coli isolates chosen for the study were reanimated from frozen stock by
streaking cells with a sterile loop for isolation on tryptic soy agar (TSA) plates and all
plates were incubated at 37°C for 24 hours without shaking. One isolated colony from
each plate was used to inoculate one cryovial with 500µL of brain heart infusion BHI
(Becton Dickinson) for a frozen stock and one microcentrifuge tube 750 µL of BHI for
BOX-PCR. The cells were incubated at 37°C for 24 hours without shaking. Following
incubation, each microcentrifuge tube containing the 750 µL pure culture broth culture
was centrifuged at 14,000 × g for 1 minute at room temperature to pellet cells. The
supernatant was removed and the pellet was washed twice with 500 µL sterile buffered
water (1.25 ml KH2PO4 and 5 ml MgCl2 in 1 L DI water) to remove residual broth and
nutrients. The pellet was resuspended in 500 µL sterile deionized water and boiled for 5
minutes to lyse the cells. The suspension was then centrifuged at 10,000 x g for 1
minute. Two microliters of supernatant was used as template for each PCR reaction.
BOX-PCR fingerprints of E. coli strains were generated (Figure 3) using the previously
published BOXA1R primer (39), which has the following sequence: 5’-CTA CGG CAA
GGC GAC GCT GAC G- 3’. Reagents and volumes for each 25 µl reaction were: 2.5 µl
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10X Buffer B (Fisher Scientific); 3.0 µl 25mM MgCl (Fisher Scientific); 1.0 µl 10mM
2

dNTPs (Fisher Scientific); 2.5 µl 2% bovine serum albumin (Sigma); 1.3 µl 10 µM
BOXA1R primer (IDT, Coralville, IA); 1.0 µl Taq polymerase (5000u/ml) (Fisher
Scientific); and 11.7 µl PCR-grade water (Fisher Scientific). The thermocycler program
contained three steps: 1) initial denaturation at 95ºC for 5 minutes; 2) 35 cycles of 94º C
for 1 minute, 60º C for 1 minute, and 72º C for 1 minute; and 3) final extension at 72º C
for 10 minutes. The preceding protocol was provided by correspondence with Dr. Cindy
Nakatsu, Purdue University, West Lafayette, IN.

A B

C D E

F

G

Figure 3: BOX-PCR fingerprints of E. coli isolates inoculated into flume
DNA Purification- Enterococcus spp. Method Development
Many attempts were made to develop a cost effective, high throughput method for
the purification of Enterococcus spp. DNA that was comparable to the laboratory
standard method using a Qiagen kit (Qiagen DNeasy tissue). A combination of
sonication, lysis buffer ASL (Qiagen) and the mini-prep instrument was the method
developed that fit all of these criteria.
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Whole Cell Method (WC)
First, the whole cell method used for the purification of E. coli was attempted due
to the cost effectiveness. Each of the seven E. coli isolates chosen for the study were
reanimated from frozen stock by streaking cells with a sterile loop for isolation on tryptic
soy agar (TSA) plates and all plates were incubated at 37°C for 24 hours without shaking.
One isolated colony from each plate was used to inoculate one cryovial with 500µL of
brain heart infusion BHI (Becton Dickinson) for a frozen stock and one microcentrifuge
tube 750 µL of BHI for BOX-PCR. The cells were incubated at 37°C for 24 hours
without shaking. Following incubation, each microcentrifuge tube containing the 750 µL
pure culture broth culture was centrifuged at 14,000 × g for 1 minute at room temperature
to pellet cells. The supernatant was removed and the pellet was washed twice with 500
µL sterile buffered water (1.25 ml KH2PO4 and 5 ml MgCl2 in 1 L DI water) to remove
residual broth and nutrients. The pellet was resuspended in 500 µL sterile deionized
water and boiled for 5 minutes to lyse the cells.
Buffer ASL (Qiagen) plus Boil (ASL+boil)
After that failed to produce fingerprints comparable to the method using the
Qiagen kit the ASL (QIAGEN) lysis buffer was used. Many replicate pure cultures of
Enterococcus faecalis were inoculated with a sterile loop on 1mL of BHI and incubated
at 37°C for 24 hours without shaking. Following incubation, each broth culture was
centrifuged at 14,000 × g for 1 minute at room temperature to pellet cells. The cells were
then resuspended in 500µL of lysis buffer ASL (QIAGEN) and boiled for 5 minutes. The
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resulting suspension was centrifuged at 14,000 × g for 1 minute at room temperature and
resuspended in 500µL buffered water.
Mini-prep Instrument
Once this was deemed ineffective at producing fingerprints comparable to the method
using the Qiagen kit the mini-prep instrument was attempted. Many replicate pure
cultures of each Enterococcus spp. isolate were inoculated with a sterile loop in 1.5 mL
magnificent broth (MacConnell) and incubated at 37°C for 24 hours without shaking.
Following incubation, each broth culture was centrifuged at 14,000 × g for 1 minute at
room temperature to pellet cells. The different tubes were then subjected to different
treatments in an attempt to prepare the cells for use in the mini-prep instrument. The
treatments were as follows
1) Mini-prep and boil (MP+ boil): The pellet was resuspended in 500µL buffered
water (0.0425 gL-1 KH2PO4 and 0.4055 gL-1 MgCl2) and boiled for 5 minutes
(Figure 8).
2) Mini-prep and ASL (MP+ ASL): The pellet was resuspended in 200µL ASL
(Qiagen) lysis buffer and incubated at 95°C for 10 min (Figure 9).
3) Mini-prep and digest solution (MP+ D): The pellet was resuspended in 200µL inhouse digest solution (0.1 % SDS, 50 mM Tris pH 7.5, 10 mM EDTA, 0.35
mg/mL Proteinase K) and incubated at 95°C for 10 min (Figure 12).
4) Mini-prep and lysis beads (MP+B): The pellet was resuspended in 200µL ASL
(Qiagen) lysis buffer with disruption beads.
After each tube was treated, the entire suspension was placed in a disposable Miniprep cassette (MacConnell) that was placed in a mini-prep 96 instrument. Twelve isolates
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were run in each cassette and 4 cassettes may be run at a time. The following program
was run: 30 min forward at 100V; 5 min reverse at 100V; 30 min forward at 100V; 5 min
reverse at 100V; Buffer Change; 30 minutes forward at 100V; 5 minutes reverse at100V.
Enterococcus spp. DNA Purification Method Development
A pure culture of each Enterococcus spp. isolate was inoculated with a sterile
loop in 1.5 mL magnificent broth (MacConnell) and incubated at 37°C for 24 hours
without shaking. Following incubation, the entire broth culture was centrifuged at 14,000
× g for 1 minute at room temperature to pellet cells. The pellet was resuspended in
200µL ASL (Qiagen) lysis buffer. The suspension was placed on ice and sonicated using
an ultrasonic dismembrator (Fisher Scientific, model 100) for 3 seconds at 14 watts to
lyse the cells. The resulting suspension was incubated at room temperature for 10
minutes, then at 95°C for 5 minutes. After incubation, the entire suspension was placed
in a disposable Mini-prep cassette (MacConnell) that was placed in a mini-prep 96
instrument. Twelve isolates were run in each cassette and 4 cassettes may be run at a
time. The following program was run: 30 min forward at 100V; 5 min reverse at 100V;
30 min forward at 100V; 5 min reverse at 100V; Buffer Change; 30 minutes forward at
100V; 5 minutes reverse at 100V. The resulting purified DNA was removed within 15
minutes of the program’s end and stored at -20°C until further analysis.
BOX-PCR Genotyping of Enterococcus spp.
For all DNA purification methods including the method developed, two
microliters of the resulting purified DNA was used in a BOX-PCR reaction using BOX
A2R primers which has the following sequence: 5’-ACG TGG TTT GAA GAG ATT
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TTC G- 3’. PCR reagents and conditions used were from previously published protocols
with modifications. Each 25 µl PCR reaction contained: 5 µl of 5X Gitschier Buffer (59);
2.5 µl of 10% dimethyl sulfoxide; 0.4 µl bovine serum albumin (10mg/ml); 2.0 µl 10mM
dNTPs; 1.0 µl Taq polymerase (5000u/ml); 10.6 µl PCR-grade water; 1.5 µl 10µM
-

BOXA2R primer; and 1.0 µl of DNA template, containing between 30 to 100 ng · µl
1

The thermocycler program contained three steps: 1) initial denaturation at 95ºC for 7
minutes; 2) 35 cycles of 90º C for 30 seconds, 40º C for 1 minute, and 65º C for 8 minute;
and 3) final extension at 65º C for 16 minutes.
Fragments (BOX-PCR amplicons) were separated by electrophoresis through a
1.5% agarose gel for 4 hours at 90 volts at room temperature. Gels were stained with
ethidium bromide (1% solution) for 17 minutes and de-stained with deionized water for 7
minutes. Gels were digitally documented under UV light using a FOTO/Analyst Archiver
(Fotodyne, Hartland, WI). Fingerprint patterns generated by BOX-PCR were recorded
for identification of isolates recovered from the flume.

1 2 3 4 5 6 7 9
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Figure 4: BOX-PCR gel of Enterococcus isolates inoculated into flume
Hydrodynamically Active Flume Study
A fiberglass flume with a volume of 180 L and a racetrack design was placed under an
outdoor roofed greenhouse in the University of South Florida botanical gardens (Figure
5) (Figure 7) (1.5 M long, .75 M wide, .2 M deep). Buckets of water and sediment were
collected from the Hillsborough River at Lettuce Lake Park on December 11, 2006.
Water and sediment was transported in coolers to the location of the flume in the
University of South Florida botanical gardens (Figure 6). The flume was filled with 180
L of water and associated sediment was added to 5 cm depth. The system was allowed to
equilibrate overnight. A motor driven propeller designed to maintain turbulence and
oxygenic conditions was placed in the drop box of the flume.
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Figure 5: Flume set-up in the University of South Florida botanical gardens

Figure 6: Water and sediment collection for flume
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Sediment

Motor driven
propeller

Figure 7: Schematic representation of the lab-based flume used to create
mesocosms. Top panel is side-view and bottom panel is top-view.
Strain Choice for Flume Inoculation- E. coli
Inoculation of distinct strains of E. coli and Enterococcus spp. was necessary to
compare persistence rates of putative survivors and putative non-survivors. Putative
survivor E. coli strains were chosen from a previous survivor study (2). Putative
survivor strains were also isolated from the disinfected (chlorinated) effluent of a
wastewater treatment plant. These strains were chosen in part based on the habitat from
which they were isolated. The E. coli found in the disinfected effluent persisted through
the exposure to many harsh environmental conditions therefore they were isolated.
Putative non-survivor strains were enumerated from a storm water drain in Siesta Key
Florida. The American Type Culture Collection (ATCC) strain E. coli 9637 was also
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used as a putative non-survivor. Strain designation and source are summarized in Table 2
and Table 3.
E. coli
Source

Strain Designation

Hypothetical Persistence

A

Storm Water Drain (A1-1)

Unknown

B
C
D

Storm Water Drain (B1-1)
Previous Survivor Study (RT-1)
Previous Survivor Study (RT-2)

Unknown
Survivor
Survivor

E

Previous Survivor Study (RT-48)

Survivor

F
Chlorinated wastewater effluent
Survivor
G
ATCC 9637
Non- Survivor
Table 2: Strain designation, source, and hypothetical persistence of E. coli flume
inoculum
Strain choice- Enterococcus spp.
Putative survivor strains were chosen from a previous study. Putative nonsurvivor strains were chosen from a storm water drain in Siesta Key Florida and chosen
from duck pond water on the University of South Florida campus. The duck pond has
relatively high Enterococcus spp. concentrations that may be due to deposition of duck
and other bird feces. These strains may be fresh from the gastrointestinal tract of the
ducks around the pond and therefore may not be adapted to live in the presence pf
environmental stressors. These strains were chosen as putative non-survivors. The
Enterococcus faecalis ATCC 19433 strain was chosen as a putative non- survivor. Strain
designation and source is summarized in Table 3.
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Enterococcus spp.
Hypothetical
Persistence
1
Storm Water Drain (F3-1)
Unknown
2
Storm Water drain (B9-1)
Unknown
3
Storm Water Drain (C1-1)
Unknown
4
USF Pond (C-A2)
Non- Survivor
5
USF Pond (A-A3)
Non- Survivor
6
Storm Water Drain (G1-1)
Unknown
7
Previous Survivor Study (A)
Survivor
9
Previous Survivor Study (C )
Survivor
10
ATCC 19433
Non- Survivor
Table 3: Strain designation, source and hypothetical persistence of Enterococcus
spp. flume inoculum
Strain Designation

Source

Flume Inoculation
Each of the seven previously identified strains of E. coli and nine Enterococcus
spp. were inoculated with a sterile loop into four replicate flasks containing 250mL BHI.
Twenty-eight flasks containing pure cultures of E. coli and 36 flasks containing pure
cultures of Enterococcus spp. were incubated at 37°C for 24 hours without shaking.
After incubation, cells were centrifuged at 10,000 x g for 10 minutes to pellet cells. The
supernatant was removed and the resulting pellet was washed twice by successive
resuspension/centrifugation steps in sterile buffered water to remove any residual broth.
The pellet was resuspended in 100mL of the river water used to fill the flume. The flume
was inoculated at each end with 500mL of each strain. The propeller was started and
turbulence was determined. The inoculum was allowed to settle for 1 minute before first
sample was taken.
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Sampling Flume
Water and sediment samples were collected in sterile containers 1 minute after
inoculation (T 0), 6 (T .25) hours after inoculation and then 24 (T 1), 48 (T2), 72 (T3), 96
(T4), 144 (T6), and 192 (T8), hours after inoculation (December 12-29 2006). One water
and one sediment sample was taken at each of the inoculation locations. Water and
sediment samples were collected in 50 ml screw cap conical tubes. Sediment was
collected by scooping the top layer of the sediment in to the tube. Ten grams (wet
weight) of sediment was added to 100 ml sterile buffered water and sonicated using an
ultrasonic dismembrator (Fisher Scientific, model 100) for 30 seconds at 14 watts to
separate bacteria from sediment particles.

Each dilution was filtered in triplicate

through sterile nitrocellulose filters (0.45 µm pore-size, 47 mm diameter). A range of
dilutions of water and sediment were filtered to ensure accurate enumeration of bacterial
cells (Table 4).

Volume filtered (ml) or dilution
E. coli
Water
Time 0
Hour 6
Hour
24
Hour
48
Hour
72
Hour
96
Hour
144
Hour
192

-5

10
-6
10

-4

10

10

-3

10

1

10

10
-5
10
10

-6

Sediment
-4
-5
10
10
-4
-5
10
10

-5

10

-3

10

-4

10

-3

10

-1

10

-3

10

Enterococcus spp.
Water
Sediment
-5
-6
-4
-5
10
10
10
10
-4
-6
-4
-5
10
10
10
10

-4

10

-4

10

-4

-4

-5

10

10

-3

10

1

10

-3

10

-4

10

-1

10

-3

10

-3

10

-3

10

10

-3

500

10

-3

250

10

1

10

10

10

10

10

-4

-4

-2

-2

-2

Orange indicates too numerous to count, yellow indicates 0 colonies on the plates

Table 4: Range of dilutions/ volume filtered at each time period sampled
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-4

-1

10

E. coli was enumerated according to EPA method 1603 (18), filters were
incubated on mTEC agar (Difco) at 35°C for two hours then transferred to a 44.5°C water
bath for 22 hours. Red or magenta colonies were counted as E. coli. Plates with suitable
colony numbers (20-80 CFU) were counted, and concentrations were calculated. For
further confirmation, randomly chosen colonies were inoculated in 96 well microtiter
plates with 500µl EC broth (Difco) amended with 4-methylumbelliferyl-β-D-glucuronide
(MUG) (50µg/ml) and incubated at 37°C for 24 hours without shaking. After incubation,
microtiter plates were exposed to UV light. Fluorescence indicated strains that had
β−glucuronidase activity (MUG- positive), a characteristic of E. coli. All MUG- positive
E. coli were layered with glycerol and frozen for fingerprinting by BOX-PCR.
Enterococcus spp. was enumerated according to EPA method 1600 (18), filters
were incubated on mEI agar (media from Difco; indoxyl β-D glucoside from Sigma
Aldrich) at 41°C for 24 h. Colonies with a blue halo were counted as Enterococcus spp.
Plates with suitable colony numbers (20 – 80 CFU) were counted, and concentrations
were calculated. For further confirmation, randomly chosen colonies were inoculated in
96 well microtiter plates with EB broth (Difco). After incubation at 37°C for 24 hours
without shaking, blackening of the media indicated the ability to grow in bile and split
esculin, a characteristic of enterococci. The confirmed Enterococcus cultures were
layered with glycerol and frozen for storage. They were subsequently typed by BOXPCR.
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Statistical Analysis- Decay Rate
Modeling Decay Rates
The rate at which microorganisms die or become nonculturable (decay rate) when
they pass from a primary habitat to a secondary habitat is dependant on many factors
including temperature, predation, and sunlight (46). Differential persistence, viable but
non-culturable states, sedimentation, and resuspension also complicate modeling the
decay rate of these microorganisms in the various environmental compartments, or
habitats, they may occupy. In this research, linear and exponential regression lines were
analyzed to determine if they accurately model the decay rate of indicator organisms (E.
coli and enterococci) in simulated an aquatic habitat. Regression analysis was preformed
in Microsoft EXCEL 2003.
Calculating Decay Rates
Various equations can be used to calculate decay rates of known populations (2,
40). In this thesis, three equations were applied to the data generated from the flume
study to determine whether they produce the same or different answers about decay rates
in indicator organism populations. Six replicate samples were taken at each time point.
Decay rates for each replicate were calculated in Microsoft EXCEL 2003 and
significance tests were preformed in GraphPad Prism version 4.02 (GraphPad Software,
San Diego, CA) The three equations analyzed are summarized in Table 5.
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Name
Daily decay rate
Double log
cumulative daily
decay rate
Cumulative daily
decay rate

Equation
r=ln(Nt) – ln(Nt-1)
r = [ln(Log10Nt) – ln(Log10N0)]/t

r = [ln(Nt) – ln(N0)]/t

N= CFU/100 ml
Table 5: Decay rate equations

Brief Description
Change in concentration
from one day to the next
Change in Log10transformed
concentration from start
of experiment
Change in concentration
of non-transformed data
from start of experiment

t= time (days)

Statistical Analysis- BOX-PCR:
Genotypic patterns generated by BOX-PCR were analyzed with BioNumerics 4.0
software (version 1.5; Applied Maths, Kortrijk, Belgium) with the 3000 base pair band
and the 500 base pair band used as the cut off for inclusion. Dendrograms were
calculated using a curve-based algorithm (Pearson correlation coefficient, optimization
1%) and UPGMA to cluster patterns by similarity. A standard (1 kb ladder) was run in at
least three lanes of each gel. This standard ladder normalized the gels to allow
comparison of multiple gels. Each gel was run with a control strain (E. coli ATCC 9637
or Enterococcus faecalis ATCC 19433). The percent similarity of the repeatedly run
control strain was used to determine the cutoff for discriminating among strains. All
relationship values were confirmed by eye. Fisher’s Exact Test was performed in Graph
Pad to analyze the relative frequency of strains.
Accumulation curves were calculated using ECOsim 700 and EXCEL (Microsoft
office). An accumulation curve is a measurement of the representation of population
richness compared to sampling effort in a given population. The accumulation curve
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plots unique subtypes as a function of sampling effort. As the curve reaches an
asymptote, the probability of obtaining a new fingerprint with more sampling diminishes
and that is an indication that the sampling effort was robust and that representative
sampling has been achieved. The slope of the curve indicates the population richness; a
steeper slope indicates greater population richness and a shallower slope indicates lower
richness. The accumulation curve was used to validate sampling effort and to compare
richness in E. coli and Enterococcus water and sediment populations.
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RESULTS

Enterococcus spp. DNA Purification Method Development
This research required purification of DNA from a large number of Enterococcus
spp. isolates. The laboratory protocol for DNA purification from enterococci used a
Qiagen kit, which is costly and limits the number of isolates that can be purified at one
time. Therefore a high-throughput, cost effective method for the purification of
Enterococcus DNA for the purpose of BOX-PCR genotyping was developed. Several
DNA purification methods were compared including boiling, lysis buffer ASL (Qiagen),
a digest solution, and lysis beads. Finally, a mini-prep 24/96 instrument
(http://www.macconnell.com/Products/?faq) was used. The mini-prep instrument was
designed to purify plasmids and was adapted for the isolation and purification of genomic
DNA in this study.
WC Method
The whole cell method previously used for E. coli is the least expensive method
due to the absence of reagents and manipulation. This method was determined to be
ineffective at purifying Enterococcus spp. DNA for the purpose of generating BOX-PCR
fingerprints. No fingerprint was obtained when the control strain (Enterococcus faecalis
19433) was prepared using the whole cell method and the BOX-PCR product was run on
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a gel (Figure 8). Therefore this method was not comparable to the laboratory’s standard
Qiagen kit method (Qiagen DNeasy tissue).

L WWW WW W WL KK K K K K K L P

Figure Legend:
L= 1kb ladder
W= Whole cell
method
K= Qiagen kit
method
P= Positive control

Figure 8: BOX-PCR fingerprints of Enterococcus faecalis ATCC 19433 DNA
purified by the whole cell method and Qiagen kit
ASL+ Boil Method
Due to the absence of a clear fingerprint and the absence of many bands when the
whole cell method was used for DNA preparation, it was thought that the gram-positive
cell wall of Enterococcus faecalis was not effectively lysed. Therefore the next step was
to treat the cells with the lysis buffer ASL (QIAGEN) provided with the Qiagen kit in
order to lyse the cells. The cells were boiled in lysis buffer for 5 minutes and the
resulting cell suspension was used in the BOX-PCR reaction. This method was also
ineffective at generating a BOX-PCR fingerprint that was comparable to the Qiagen kit
method (Figure 9), although it was an improvement on the WC method because more
bands were generally observed.
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L K

K K K K

L B B B B B L

Figure Legend:
L= 1kb ladder
K= Qiagen kit
method
B= ASL+ boil
method

Figure 9: BOX-PCR fingerprints of Enterococcus faecalis ATCC 19433 DNA
purified by a Qiagen kit and lysis buffer ASL
MP+ Boil Method
Because the lysis buffer ASL alone did not lead to the production of a fingerprint
comparable to the Qiagen kit, an attempt to use the mini-prep instrument was made. This
instrument was designed to purify plasmids however in this study a method was
developed to adapt it to purify genomic DNA. The first attempt is shown in Figure 10.
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L B B B B B B B L K K K K K K KL

Figure Legend:
L= 1kb ladder
B= MP+ Boil
method
K= Qiagen kit
method

Figure 10: BOX-PCR fingerprints of Enterococcus faecalis 19433 DNA purified by
the MP+ Boil method and the Qiagen kit
MP+ ASL Method
Boiling the cells prior to using the mini-prep instrument did not produce purified
DNA for BOX-PCR comparable to the Qiagen kit. Therefore further modifications were
made to the protocol. The cells were incubated in lysis buffer ASL (Qiagen) for 10
minutes at 95ºC, and the resulting suspension was placed in the mini-prep instrument.
An example of a gel run with the resulting BOX-PCR product is shown in Figure 11.
The resulting fingerprints produced looked like the fingerprints generated using the
Qiagen kit but generation of a fingerprint was inconsistent. Some of the lanes showed no
fingerprint at all. Therefore this method was not comparable to the Qiagen kit method.
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L

BB B B BB BL K KKKKKKL P

Figure Legend:
L= 1kb ladder
B= MP+ ASL
method
K= Qiagen kit
method
P= Positive control

Figure 11: BOX-PCR fingerprints of Enterococcus faecalis 19433 DNA purified by
mini-prep instrument and Qiagen kit
MP+ Digest Solution Method
After the failure of the lysis buffer to effectively burst the gram-positive cells, the
MacConnell Company was contacted and a digest solution was suggested to extract and
purify DNA from gram-positive organisms. An example of a gel ran using the method
that included the digest solution is in Figure 12. This resulted in the loss of the high
molecular weight bands in the Enterococcus faecalis 19433 fingerprint.
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L D D D D D D DL K K K K K K KK

Figure Legend:
L= 1kb ladder
D= MP+ Digest
solution method
K= Qiagen kit
method
P= Positive control

Figure 12: BOX-PCR fingerprint of Enterococcus spp. DNA purified by the digest
solution and Qiagen kit
MP+ Beads Method
The digest solution did not effectively prepare the cells for purification in the
mini-prep instrument. The fingerprints produced using this method were not comparable
to the fingerprints generated using the Qiagen kit (Figure 13)
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L BB BBB B L B B K K K L K K K K P L

Figure Legend:
L= 1kb ladder
K= Qiagen kit
method
B= MP+ disruption
beads method
P= Positive control

Figure 13: BOX-PCR fingerprints of Enterococcus faecalis 19433 DNA purified by
mini-prep instrument with disruption beads and Qiagen kit
Developed Method- Sonication
The final method attempted was a combination of the lysis buffer ASL (Qiagen)
and 10 seconds of sonication before placing the cell suspension in the mini-prep
instrument. An example of a gel run with the resulting BOX-PCR product and BOXPCR product attained using the Qiagen kit for extraction is shown in Figure 14. These
fingerprints appeared to be comparable therefore a more in depth analysis of the
similarity of fingerprints generated by the two treatments was performed.
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L S

S

S

S S S

L K K K K K K P L

Figure Legend:
L= 1kb ladder
K= Qiagen kit
method
S= Sonication
method
P= Positive control

Figure 14: BOX-PCR fingerprints of Enterococcus spp. DNA purified with the
developed sonication method and a Qiagen kit
Validation of Sonication Method
The developed method was compared with the Qiagen kit method for its ability to
yield Enterococcus spp. DNA suitable for BOX-PCR. All Enterococcus faecalis 19433
fingerprints generated by the sonication method were 95% similar, (determined using a
similarity tree generated using Bionumerics software) which is comparable to the Qiagen
kit (94% similarity of identical isolates) (Figure 15). The fingerprints are grouped
distinctly by the method used (Figure 14) therefore mixing DNA purification methods is
not recommended however the similarity of fingerprints generated by the developed
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method showed that this method is comparable to the Qiagen kit method for
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differentiating strains.

..Control
..Control
..Control
..Kit 2
..Kit 3
..Kit 2
..Kit 3
..Kit 3
..Kit 3
..Kit 3
..Kit 2
..Kit 3
..Kit 2
..Kit 3
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Figure 15: Comparison of Enterococcus spp. BOX-PCR fingerprints purified with
the developed sonication method and the Qiagen kit
Flume Mesocosms
The objectives of this study were: 1) To determine the persistence of E. coli and
Enterococcus spp. in a flume system mimicking hydrodynamically active environmental
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conditions in freshwater and 2) to determine whether differential persistence of certain
strains of these indicator organisms occurs in the flume environment. The physicochemical measurements from this study are shown in Table 6. Dissolved oxygen (DO),
pH, and salinity fluctuated little over the 9 day sample period. The high DO indicates that
conditions in the flume remained oxygenic.
Date/Time

Temp (ºC)

Salinity (ppt)

pH

DO (mg/L)

12/12/2006 Day 1

21.4

0.24

7.82

11.66

12/13/2006 Day 2

22.0

0.28

8.15

11.31

12/14/2006 Day 3

22.0

0.27

8.22

11.79

12/15/2006 Day 4

21.4

0.24

8.29

11.55

12/16/2006 Day 5

22.1

0.24

8.39

12.36

12/18/2006 Day 7

25.2

0.21

8.36

11.61

12/20/2006 Day 9

21.6

0.20

8.13

11.64

Table 6: Physico-chemical measurements for flume
Persistence of Indicator Organisms in Flume System
Culturable E. coli and Enterococcus spp. were enumerated by membrane filtration
from water and sediment collected from two locations within the flume 1 minute after
inoculation, 6 hours after inoculation and then after 24, 48, 72, 96, 144, and 192 hours.
E. coli
E. coli concentrations from each time point were calculated and log10 transformed
(Figure 16). At time 0 (1 minute after inoculation) the mean E. coli concentrations for
water and sediment were a little more than one log different; 8.8 ±0.5 CFU/100 ml for the
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water and 7.7 ± 0.40 CFU/100 ml for the sediment. By day 9, the E. coli in the water
column dropped to 4.0 ± 0.02 CFU/ 100 ml while E. coli in the sediment was 7.1 ±0.10
CFU/ 100 ml. The sediment concentration remained within a log of the initial
concentration for the entire sample period, while the concentration in the water column
dropped rapidly and consistently over time.
E. coli Concentrations in Water and Sediment

LOG(CFU/100 ml)

10
8
6

E. coli Water Column

4

E. coli Sediment

2
0
0

2

4

6

8

10

Time (days)

Figure 16: Log10 transformed water and sediment E. coli concentrations
enumerated from the flume system
Enterococcus spp.
Culturable Enterococcus concentrations were calculated and log10 transformed for
each sample time (Figure 17). Initially, water and sediment concentrations were not
significantly different (P= 0.20) however by day 9, the concentration of Enterococcus in
the water column dropped to less than 1.1 ± 0.1 CFU/ 100 ml while sediment
concentrations were 4.9 ± 0.30 CFU/ 100 ml.
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LOG(CFU/100 ml)

Enterococcus spp. Concentrations in Water and
Sediment
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Time (days)

Figure 17: Log10 transformed water and sediment Enterococcus concentrations
Log10 enumerated from flume mesocosm
Decay Rates
Modeling Persistence
Linear and exponential regression models and were fit to plots of the log10transformed concentrations of each indicator organism assessed over time (8 days). E.
coli concentrations in water and sediment are shown in Error! Reference source not
found. and Enterococcus spp. concentrations in water and sediment are shown in Figure
19. The R- square value is an indicator of how well the model fits the data. The closer
an R-square value is to 1, the better the model fits the data and the better it predicts each
value. The linear and exponential regression lines for E. coli in sediment are
indistinguishable (R square 0.64, 0.65 respectively). The linear regression model for E.
coli in the water (R- square 0.83) does not fit the data set quite as well as the exponential
regression model (R- square 0.90); however the fit is similar. This trend is similar for
Enterococcus spp. The linear and exponential regression models for Enterococcus spp.
in the sediment are very similar (R- square = 0.97, 0.98 respectively), and for the water
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samples the exponential regression model (R- square = 0.90) is a better fit to the data set
than the linear regression model (R- square = 0.86).
The linear regression models for both E. coli and Enterococcus spp. in the water
overestimate the decay rate in the first and last time points and underestimate it in the
middle time points. The difference in the decay rate trend in water vs. sediment also
indicates that the average rate of decline in the sediment is more linear than the average
rate of decline in the water for both microorganisms. For the relatively short time period
in this study, the decay rate equations fit the data adequately. However, the decay rate
slows as time goes on this may cause the actual the die off rate of these microorganisms
to systematically depart from the decay rate predicted by both models.

Decay Rate Models for E. coli in Water and
Sediment
10
2

R = 0.65

E. coli Water
Column
E. coli Sediment

LOG(CFU/100 ml)

8

6
2

R = 0.64
4
2

R = 0.90
2
2

R = 0.83

Linear (E. coli Water
Column)
Expon. (E. coli
Water Column)
Linear (E. coli
Sediment)
Expon. (E. coli
Sediment)

0
0

5

10

Time (days)

Figure 18: Linear and exponential regression for E. coli in water and sediment
44

Decay Rate Models for Enterococcus spp. in
Water and Sediment
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Time (days)

Expon.
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Sediment)

Figure 19: Linear regression for Enterococcus spp. in water and sediment
Calculating Decay Rate
Three equations were used to calculate the decay rate of the flume mesocosms
data and then compared. They are Daily Decay Rate, Double Log Cumulative Daily
Decay Rate and Cumulative Daily Decay Rate (Table 5).
Daily Decay Rate
For all three equations, a negative r indicates a decrease in culturable bacterial
concentrations over time while a positive r indicates an increase. A larger r indicates a
greater change in concentration whether negative or positive. The daily decay rate takes
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in to account only the change from one day to the next. This analysis may be important
for certain questions or data sets but one may observe changes in either direction
(positive or negative) from one day to the next without seeing a net gain or loss from the
start of the experiment. The calculated daily decay rates of the populations of E. coli and
Enterococcus spp. from the flume are summarized in Table 7, Table 8, Table 9, and
Table 10.
Cumulative Decay
In contrast to the daily decay rate, the cumulative decay rate equations take into
account the change in concentration from the start of the experiment. Although one gains
an overall picture of the die-off for the entire time series, daily fluctuations would be
missed when using the cumulative decay rate equations. Log-transforming the raw
numbers of a population is done to smooth out the very high numbers in the data set.
This is common practice in microbiology due to the high concentrations and patchy
distribution of these organisms in the environment. The double log cumulative daily
decay rate equation uses the log transformed concentrations with a commonly used decay
rate equation. The cumulative daily decay rate equation relies on the natural log
component to account for the high numbers and does not use log transformed
concentrations. The calculated decay rates of the populations of E. coli and
Enterococcus spp. from the flume are in Table 7, Table 8, Table 9, and Table 10.
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E. coli Water
Time (days)

Daily Decay Rate

Double LOG Cumulative
Daily Decay Rate

0
0.25
-0.769
-0.359
1
-0.343
-0.043
2
-2.074
-0.153
3
-0.172
-0.010
4
-0.830
-0.040
6
-0.667
-0.025
8
-0.164
-0.005
Table 7: Different decay rates for E. coli in water

Cumulative Daily
Decay Rate
-7.081
-0.789
-2.388
-0.132
-0.478
-0.256
-0.047

E. coli Sediment
Time (days)

Daily Decay Rate

Double LOG Cumulative
Daily Decay Rate

0
0.25
0.134
0.069
1
-0.097
-0.012
2
0.309
0.020
3
-0.177
-0.007
4
-0.328
-0.011
6
-0.575
-0.013
8
0.102
0.002
Table 8: Different decay rates for E. coli in sediment

Time (days)

Enterococcus spp. Water
Double LOG Cumulative
Daily Decay Rate
Daily Decay Rate

0
0.25
-1.010
-0.477
1
-0.656
-0.086
2
3
7.897
0.025
4
-3.822
-0.165
6
-2.517
-0.160
8
-0.393
-0.036
Table 9: Different decay rates for Enterococcus spp. in water
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Cumulative Daily
Decay Rate
1.237
-0.223
0.356
-0.136
-0.189
-0.221
0.029

Cumulative Daily
Decay Rate
-9.301
-1.510
0.444
-2.200
-0.966
-0.113

Time (days)

Enterococcus spp. Sediment
Double LOG
Daily Decay
Cumulative Daily
Rate
Decay Rate

Cumulative Daily Decay
Rate

0
0.25
-0.610
-0.306
1
-0.342
-0.045
2
-0.142
-0.010
3
-0.2745
-0.0130
4
-0.832
-0.032
6
-0.700
-0.020
8
-0.453
-0.011
Table 10: Different decay rates for Enterococcus spp. in sediment

-5.620
-0.786
-0.163
-0.211
-0.479
-0.268
-0.131

Graphical representations of the different decay rate calculations for E. coli in the
water column are shown in Figure 20, for E. coli in the sediment are shown in Figure 21,
for Enterococcus spp. in the water are shown in Figure 22, and for Enterococcus spp. in
the sediment are shown in Figure 23. Each decay rate is shown on a separate graph and
then all three are shown on one graph for comparison.
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Figure 20: Decay rate graphs E. coli water
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Figure 21: Decay rate graphs E. coli sediment

50

Decay rate
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Figure 22: Decay rate graphs Enterococcus spp. sediment
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Figure 23: Decay rate graphs Enterococcus spp. sediment
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For both E. coli and Enterococcus spp. in both the water and the sediment, the
trend of the decay rates is similar for each equation but the change from one day to the
next is greatest for cumulative daily decay rate.
Comparison of Decay Rate Equations
To compare the decay rate equations further, each equation was used to calculate
an answer for the same question. The objective of this exercise was to see if we would
get the same answer to questions we asked about our population using the different decay
rate equations. A summary of the significance tests preformed for E. coli is in Table 11
and one for Enterococcus spp. is in Table 12.
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Question

Daily Decay
Rate P Value/
Significance

E. coli
Double LOG
Cumulative
Daily Decay
Rate P Value/
Significance

Is there a
significant
difference in
0.06/
0.61/
the decay rate
Not Quite
Not Significant
of E. coli in the
Significant
water column at
T.25 and T 4?
Is there a
significant
difference in
0.01/
0.18/
the decay rate
Significant
Not Significant
of E. coli in the
sediment at T
.25 and T 4?
Is there a
significant
difference
between the
>.0001/
>.0001/
decay rate of E.
Extremely
Extremely
coli in water at
Significant
Significant
T 8 and in
sediment at T
8?
Table 11: Significance tests for E. coli
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Cumulative
Daily Decay
Rate P Value/
Significance

Same Answer
for All Decay
Rates?

0.26/
Not Significant

YES

0.18/
Not Significant

NO

>.0001/
Extremely
Significant

YES

Question

Enterococcus spp.
Double LOG
Daily Decay
Cumulative
Rate P Value/
Daily Decay
Significance
Rate P Value/
Significance

Is there a
significant
difference in the
decay rate of
0.002/
0.017/
Enterococcus
Very Significant
Significant
spp. in the water
column at T.25
and T 4?
Is there a
significant
difference in the
decay rate of
0.14/
0.48/
Enterococcus
Not Significant
Not Significant
spp. in the
sediment at T
.25 and T 4?
Is there a
significant
difference
between the
>.0001/
0.55/
decay rate of
Extremely
Not Significant
Enterococcus
Significant
spp. in water at
T 8 and in
sediment at T 8?
Table 12: Significance tests for Enterococcus

Cumulative
Daily Decay
Rate P Value/
Significance

Same
Answer for
All Decay
Rates?

0.062/
Not Quite
Significant

NO

0.90/
Not Significant

YES

>.0001/
Extremely
Significant

NO

Decay Rate Analysis
For the following analysis performed in this study, the cumulative daily decay
rate will be used. The decay rate is going to be analyzed over time and the daily decay
rate takes into account only the change from one day to the next. A summary of the
decay rates for E. coli and Enterococcus spp. at T .25, T 4 and T 8 is shown in Table 13.
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For this decay rate equation, a negative r indicates a decrease in culturable bacterial
concentrations over time while a positive r indicates an increase. A larger r indicates a
greater change in concentration whether negative or positive. The lowest decay rate or
slowest die-off was seen in E. coli in the sediment. For each species, the slowest die off
was seen in the sediment indicating that these microorganisms persist longer in the
sediments than in the water column of freshwater mesocosms. E. coli had a lower decay
rate than Enterococcus for all time points indicating that E. coli can persist longer in
hydrodynamically active freshwater systems.
Decay Rate (r)
Time
(days)

E. coli
Water

E. coli
Sediment

-7.08
1.24
0.25
-0.48
-0.19
4
-0.05
0.03
8
Table 13: Decay rates through time

Enterococcus spp.
Water

Enterococcus spp.
Sediment

-9.30
-2.20
-0.11

-5.62
-0.48
-0.13

Differential Persistence of Indicator Organisms in Flume System
The flume was inoculated with selected strains of E. coli and Enterococcus spp.
from the Harwood Lab culture collection, some of which had been used in previous
persistence studies (Table 2) (Table 3). Isolates (N=20-30) from each sample time were
randomly chosen for BOX-PCR genotyping analysis. Three distinct E. coli phylotypes
and two distinct Enterococcus spp. phylotypes were found in very low concentrations in
the pre- inoculated water and sediment but were not detected post-inoculation, possibly
due to the high concentrations of bacteria introduced into the flume. Phylotypes of
isolates isolated from the flume over time (Figure 24) (Figure 25) were compared to
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phylotypes of isolates inoculated into the flume (Figure 3) (Figure 4) using Bionumerics
4.0 software (version 1.5; Applied Maths, Kortrijk, Belgium).

LF F F F F F F F F L F F F F F F F

L

Figure Legend:
L= 1kb ladder
F= BOX-PCR
fingerprint of E. coli
isolates enumerated
from flume

Figure 24: BOX-PCR fingerprint patterns of E. coli isolates from the flume

LF F F F F

L F

F F F F L F F F F P L

Figure Legend:
L= 1kb ladder
F= BOX-PCR
fingerprint of
Enterococcus spp.
isolates enumerated
from flume
P= Positive control

Figure 25: BOX-PCR fingerprint patterns of Enterococcus isolates from the flume
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E. coli
E. coli strains were isolated from the flume at each time point. A BOX-PCR
fingerprint of each recovered isolate was generated and compared to the fingerprints of E.
coli inoculated into the flume. The distribution of E. coli isolates recovered from the
flume is summarized in Table 14.
Total
Treatment Isolates
Typed

E. coli
A

E. coli
B

E. coli
C

E. coli
D

E. coli
E

E. coli
F

E. coli
G

27

1

12

1

5

2

6

0

22

0

12

0

3

1

2

4

30

0

2

7

0

1

7

13

T 96
Sediment

26

0

1

1

0

0

18

6

T 192
Water

30

0

18

7

1

1

3

0

T 192
Sediment

29

1

3

0

0

0

18

7

T0 Water
T0
Sediment
t
Time 96
Water

Table 14: Distribution of E. coli strains at each time period
A graphical representation of the distribution of E. coli strains in the water
column is shown in Figure 26 and in the sediment in Figure 27. Because different
numbers of strains were typed on different days the number of isolates was converted to
the percentage of all strains typed to compare day to day.
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Distribution of E. coli Phylotypes in Water
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Figure 26: Distribution of E. coli phylotypes in water

Distribution of E. coli Phylotypes in Sediment
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Figure 27: Distribution of E. coli phylotypes in sediment
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10

Fisher’s Exact Tests were performed to determine significant differences in the
frequency of occurrence of the strains of E. coli inoculated in the flume to test the
hypothesis of differential persistence. A summary of the tests performed for water and
the interpretation of the results are in Table 15, Table 16, and Table 17. A summary of
the tests performed for sediment and the interpretation of the results are in Table 18,
Table 19, and Table 20.
Fisher's Exact Test
Test

Significance

P Value

Interpretation

E. coli A Water T 0
vs. T 192

No Significant
Difference

P> .05

Non- Survivor

E. coli B Water T 0
vs. T 192

No Significant
Difference

P> .05

Survivor in Water

E. coli C Water T 0
vs. T 192

Not Quite
Significant

P= 0.0543

Putative Survivor in
Water

E. coli D Water T 0
vs. T 192

Not Quite
Significant

P= 0.0913

Putative Non- Survivor
in Water

E. coli E Water T 0
vs. T 192

No Significant
Difference

P> .05

E. coli F Water T 0
vs. T 192

No Significant
Difference

P> .05

E. coli G Water T 0
vs. T 192

No Significant
Difference

P> .05

Survivor in Water

Table 15: E. coli water frequency of occurrence tests for T 0 vs. T 192
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Fisher's Exact Test
Test

Significance

P Value

Interpretation

E. coli A Water T
0 vs. T 96

No Significant
Difference

P> .05

E. coli B Water T
0 vs. T 96

Significant Decrease
in Frequency

P= .0015

E. coli C Water T
0 vs. T 96

Not Quite
Significant

P= 0.0543

Putative Survivor in
Water

E. coli D Water T
0 vs. T 96

Significant Decrease
in Frequency

P= 0.0193

Non- Survivor in Water

E. coli E Water T 0
vs. T 96

No Significant
Difference

P> .05

E. coli F Water T 0
vs. T 96

No Significant
Difference

P> .05

E. coli G Water T
0 vs. T 96

Significant Increase
in Frequency

P< 0.0001

Table 16: E. coli water frequency of occurrence tests for T 0 vs. T 96
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Fisher's Exact Test
Test

Significance

P Value

E. coli A Water T
96 vs. T 192

No Significant
Difference

P> .05

E. coli B Water T
96 vs. T 192

Significant Increase
in Frequency

P< 0.0001

E. coli C Water T
96 vs. T 192

No Significant
Difference

P> .05

E. coli D Water T
96 vs. T 192

No Significant
Difference

P> .05

E. coli E Water T
96 vs. T 192

No Significant
Difference

P> .05

E. coli F Water T
96 vs. T 192

No Significant
Difference

P> .05

E. coli G Water T
96 vs. T 192

Significant Decrease
in Frequency

P< 0.0001

Interpretation

Survivor in Water

Non- Survivor in Water

Table 17: E. coli water frequency of occurrence tests for T 96 vs. T 192
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Fisher's Exact Test
Test

Significance

P Value

Interpretation

E. coli A
No Significant
Putative Non- Survivor
Sediment T 0 vs.
P> .05
Difference
in Sediment
T 192
E. coli B
Significant decrease
Non- Survivor in
Sediment T 0 vs.
P=0.0014
in frequency
Sediment
T 192
E. coli C
No Significant
Putative Non- Survivor
Sediment T 0 vs.
P> .05
Difference
in Sediment
T 192
E. coli D
No Significant
Putative Survivor in
Sediment T 0 vs.
P> .05
Difference
sediment
T 192
E. coli E
No Significant
Putative Non- Survivor
Sediment T 0 vs.
P> .05
Difference
in Sediment
T 192
E. coli F
Significant increase
Sediment T 0 vs.
P< 0.0001
Survivor in Sediment
in frequency
T 192
E. coli G
No Significant
Putative Survivor in
Sediment T 0 vs.
P> .05
Difference
Sediment
T 192
Table 18: E. coli sediment frequency of occurrence tests for T 0 vs. T 192
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Fisher's Exact Test
Test

Significance

P Value

E. coli A Sediment
T 0 vs. T 96

No Significant
Difference

P> .05

E. coli B Sediment
T 0 vs. T 96

Significant Decrease
in Frequency

P< 0.0001

E. coli C Sediment
T 0 vs. T 96

No Significant
Difference

P> .05

E. coli D Sediment
T 0 vs. T 96

No Significant
Difference

P> .05

E. coli E Sediment
T 0 vs. T 96

No Significant
Difference

P> .05

E. coli F Sediment
T 0 vs. T 96

No Significant
Difference

P> .05

E. coli G Sediment
T 0 vs. T 96

No Significant
Difference

P> .05

Interpretation

Table 19: E. coli sediment frequency of occurrence tests for T 0 vs. T 96
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Fisher's Exact Test
Test

Significance

P Value

E. coli A Sediment
T 96 vs. T 192

No Significant
Difference

P> .05

E. coli B Sediment
T 96 vs. T 192

No Significant
Difference

P> .05

E. coli C Sediment
T 96 vs. T 192

No Significant
Difference

P> .05

E. coli D Sediment
T 96 vs. T 192

No Significant
Difference

P> .05

E. coli E Sediment
T 96 vs. T 192

No Significant
Difference

P> .05

E. coli F Sediment
T 96 vs. T 192

No Significant
Difference

P> .05

E. coli G Sediment
T 96 vs. T 192

No Significant
Difference

P> .05

Interpretation

Survivor in Sediment

Table 20: E. coli sediment frequency of occurrence tests T 96 vs. T 192
A summary of the designation of each strain of E. coli as survivor/ non- survivor
and original source is in Table 21.
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E. coli Strain

Water

Sediment

Source

A

-*
-*

Storm Water Drain

C

-*
+
+*

D

-

-*

E

-*

-*

F

+*
-

+
+*

B

G

Storm Water Drain
Previous Survivor
Study
Previous Survivor
Study
Previous Survivor
Study
Chlorinated Effluent
of WWTP
ATTC 9637

+= survivor, -= non- survivor
* indicates no significant change in frequency of occurrence over time
Table 21: E. coli strain designation and source
Enterococcus spp.
Twenty -two Enterococcus spp. were isolated from the flume at each time point.
A BOX-PCR fingerprint of each isolate was generated and compared to the fingerprints
of Enterococcus spp. that were inoculated into the flume. The distribution of
Enterococcus spp. isolates recovered from the flume is summarized in Table 22. A
graphical representation of the distribution of strains in the water column is shown in
Figure 28.
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Total
Isolates
Typed

Ent
1

Ent
2

Ent
3

Ent
4

Ent
5

Ent
6

Ent
7

T0
22
1
3
1
6
1
2
7
Water
T0
21
0
1
0
9
0
9
1
Sediment
T96
20
1
0
3
1
0
7
7
Water
T96
20
2
0
5
0
1
7
2
Sediment
T192
20
1
0
0
2
0
8
4
Water
T192
20
0
0
1
2
0
2
11
Sediment
Table 22: Distribution of Enterococcus phylotypes at each time point

Ent
9

Ent
10

0

1

0

1

1

0

0

3

2

3

4

0

A graphical representation of the distribution of Enterococcus spp. strains in the
water column is shown in Figure 28 and in the sediment in Figure 29. Because different
numbers of strains were typed on different days, the number of isolates was converted to
the percentage of all strains typed to compare day to day.
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Distribution of Enterococcus spp. Phylotypes in Water
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Figure 28: Distribution of Enterococcus spp. phylotypes from water
Distribution of Enterococcus spp . Phylotypes in
Sediment
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Figure 29: Distribution of Enterococcus spp. phylotypes in sediment
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Fisher’s Exact Tests were performed to determine significant differences in the
frequency of occurrence of the strains of Enterococcus spp. inoculated in to the flume to
test the hypothesis of differential persistence. A summary of the tests performed for
Enterococcus spp. in the water are in Table 23, Table 24, and Table 25 and in the
sediment are in Table 26, Table 27, and Table 28.
Fisher's Exact Test
Test

Significance

P Value

Interpretation

Enterococcus 1
Water T 0 vs. T 192

No Significant
Difference

P> .05

Putative Survivor in
Water

Enterococcus 2
Water T 0 vs. T 192

No Significant
Difference

P> .05

Putative Non- Survivor
in Water

Enterococcus 3 C
Water T 0 vs. T 192

No Significant
Difference

P> .05

Enterococcus 4 D
Water T 0 vs. T 192

No Significant
Difference

P> .05

Enterococcus 5 E
Water T 0 vs. T 192

No Significant
Difference

P> .05

Enterococcus 6 F
Water T 0 vs. T 192

Significant Increase
in Frequency

P=0.0296

Survivor in Water

Enterococcus 7
Water T 0 vs. T 192

No Significant
difference

P> .05

Survivor in Water

Enterococcus 9
Water T 0 vs. T 192

No Significant
difference

P> .05

Putative Survivor in
Water

Enterococcus 10
Water T 0 vs. T 192

No Significant
difference

P> .05

Table 23: Enterococcus spp. frequency of occurrence tests in water for T 0 vs. T 192
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Fisher's Exact Test
Test

Significance

P Value

Enterococcus 1 Water
T 0 vs. T 96

No Significant
Difference

P> .05

Enterococcus 2 Water
T 0 vs. T 96

No Significant
Difference

P> .05

Enterococcus 3 Water
T 0 vs. T 96

No Significant
Difference

P> .05

Enterococcus 4 Water
T 0 vs. T 96

Not Quite
Significantly Lower

P= 0.0961

Enterococcus 5 Water
T 0 vs. T 96

No Significant
Difference

P> .05

Enterococcus 6 Water
Not Quite
T 0 vs. T 96
Significantly Higher

Interpretation

Putative Non- Survivor
in Water

P= 0.0622

Enterococcus 7 Water
T 0 vs. T 96

No Significant
difference

P> .05

Enterococcus 9 Water
T 0 vs. T 96

No Significant
difference

P> .05

Enterococcus 10
Water T 0 vs. T 96

No Significant
difference

P> .05

Putative Survivor in
Water

Table 24: Enterococcus spp. frequency of occurrence tests in water for T 0 vs. T 96
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Fisher's Exact Test
Test

Significance

P Value

Enterococcus 1 Water
T 96 vs. T 192

No Significant
Difference

P> .05

Enterococcus 2 Water
T 96 vs. T 192

No Significant
Difference

P> .05

Enterococcus 3 Water
T 96 vs. T 192

No Significant
Difference

P> .05

Enterococcus 4 Water
T 96 vs. T 192

No Significant
Difference

P> .05

Enterococcus 5 Water
T 96 vs. T 192

No Significant
Difference

P> .05

Enterococcus 6 Water
T 96 vs. T 192

No Significant
Difference

P> .05

Enterococcus 7 Water
T 96 vs. T 192

No Significant
difference

P> .05

Enterococcus 9 Water
T 96 vs. T 192

No significant
difference

P> .05

Enterococcus 10
Water T 96 vs. T 192

Not Quite
Significantly Higher

P= 0.0993

Interpretation

Putative Survivor in
Water

Table 25: Enterococcus spp. frequency of occurrence tests in water for T 96 vs. T
192
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Fisher's Exact Test
Test

Significance

P Value

Interpretation

Enterococcus 1
No Significant
Sediment T 0 vs. T
P> .05
Difference
192
Enterococcus 2
No Significant
Putative Non- Survivor
Sediment T 0 vs. T
P> .05
Difference
in Sediment
192
Enterococcus 3
No Significant
Putative Non- Survivor
Sediment T 0 vs. T
P> .05
Difference
in Sediment
192
Enterococcus 4
Significant Decrease
Non-Survivor in
Sediment T 0 vs. T
P= 0.0325
in Frequency
Sediment
192
Enterococcus 5
No Significant
Sediment T 0 vs. T
P> .05
Difference
192
Enterococcus 6
Significant Decrease
Non-Survivor in
Sediment T 0 vs. T
P= 0.0325
in Frequency
Sediment
192
Enterococcus 7
Significant Increase
Sediment T 0 vs. T
P=0.0005
Survivor in Sediment
in Frequency
192
Enterococcus 9
Significant Increase
Sediment T 0 vs. T
P= 0.0478
Survivor in Sediment
in Frequency
192
Enterococcus 10
No Significant
Sediment T 0 vs. T
P> .05
Difference
192
Table 26: Enterococcus spp. frequency of occurrence tests in sediment for T 0 vs. T
192
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Fisher's Exact Test
Test

Significance

P Value

Enterococcus 1
Sediment T 0 vs. T 96

No Significant
Difference

P> .05

Enterococcus 2
Sediment T 0 vs. T 96

No Significant
Difference

P> .05

Enterococcus 3
Sediment T 0 vs. T 96

Significant Increase
in Frequency

P= 0.0207

Enterococcus 4
Sediment T 0 vs. T 96

Significant Decrease
in Frequency

P= .0013

Enterococcus 5
Sediment T 0 vs. T 96

No Significant
Difference

P> .05

Enterococcus 6
Sediment T 0 vs. T 96

No Significant
Difference

P> .05

Enterococcus 7
Sediment T 0 vs. T 96

No Significant
Difference

P> .05

Enterococcus 9
Sediment T 0 vs. T 96

No Significant
Difference

P> .05

Enterococcus 10
Sediment T 0 vs. T 96

No Significant
Difference

P> .05

Interpretation

Non-Survivor in
Sediment

Table 27: Enterococcus spp. frequency of occurrence tests in sediment for T 0 vs.
T 96
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Fisher's Exact Test
Test

Significance

P Value

Interpretation

Enterococcus 1
No Significant
Sediment T 96 vs. T
P> .05
Difference
192
Enterococcus 2
No Significant
Sediment T 96 vs. T
P> .05
Difference
192
Enterococcus 3
No Significant
Sediment T 96 vs. T
P> .05
Difference
192
Enterococcus 4
No Significant
Sediment T 96 vs. T
P> .05
Difference
192
Enterococcus 5
No Significant
Sediment T 96 vs. T
P> .05
Difference
192
Enterococcus 6
No Significant
Sediment T 96 vs. T
P> .05
Difference
192
Enterococcus 7
Significant Increase
Sediment T 96 vs. T
P= 0.0057
Survivor in Sediment
in Frequency
192
Enterococcus 9
Significant Increase
Sediment T 96 vs. T
P= 0.0478
Survivor in Sediment
in Frequency
192
Enterococcus 10
No Significant
Sediment T 96 vs. T
P> .05
Difference
192
Table 28: Enterococcus spp. frequency of occurrence tests in sediment for T 96 vs. T
192
A summary of the designation of each Enterococcus spp. strain as survivor or
non- survivor and original source is in Table 29.
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Enterococcus strain
1
2
3
4
5
6
7
9
10

Water

Sediment

-/+*
-*
-*
-*
-*
+
+*

-*
-*
-*
+

+*
+*

+
-*

Source
Storm Water Drain
Storm Water Drain
Storm Water Drain
USF Duck Pond
USF Duck Pond
Storm Water Drain
Previous Survivor
Study
Previous Survivor
Study
ATCC 19433

+= survivor, -= non- survivor
* indicates no significant change in frequency of occurrence
Table 29: Enterococcus spp. strain designation and source
Richness and Sampling Effort Measured by Accumulation Curves
The distribution of phylotypes observed by BOX-PCR analysis was used to
generate accumulation curves for each sampling event. Accumulation curves represent
the number of unique patterns observed over the sampling effort. As the curve
approaches an asymptote, the richness in the population has been captured by the
sampling effort. If the curve does not approach an asymptote, a greater sampling effort
(in this case, more isolates typed) is needed to completely describe richness in the
sample.
E. coli Water and Sediment Richness at T0
The richness of E. coli phylotypes was measured at each sampling event. The
accumulation curve generated for T0 is shown in Figure 30. Six different strains were
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found in the water and 5 were found in the sediment. Therefore, the curve indicates
indistinguishable richness in the water and sediment at this time point.

Patterns Observed

E. coli Richness Time 0
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20
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30

Sampling Effort

Figure 30: E. coli water and sediment richness at T0
E. coli Water and Sediment Richness at T 96
Richness was measured at T96. The accumulation curve generated is shown in
Figure 31. The trend suggests slightly greater diversity in the water.
E. coli Richness Time 96
Patterns Observed

6
5
E. coli Time 96 Water

4
3

E. coli Time 96
Sediment

2
1
0
0

10

20

30

40

Sampling Effort

Figure 31: E. coli water and sediment richness at T 96
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E. coli Water and Sediment Richness at T 192
The accumulation curve generated from richness measured at T 192 is shown in
Figure 32. The trend suggests slightly greater richness in water.
E. coli Richness Time 192
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Figure 32: E. coli water and sediment richness at T 192
E. coli Richness through Time in the Water Column
Another way to look at the richness of E. coli in the flume system is through time.
The accumulation curves generated from the richness of the water column at each time
point were put on the same graph (Figure 33). The trend suggests lowest richness is at
the end of the experiment, T 192, while the highest richness is suggested at the first time
point analyzed, T0.
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E. coli Richness in Water Through Time
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Figure 33: E. coli richness through time in the water column
E. coli Richness through Time in the Sediment
Richness of E. coli through time in the sediment is shown in Figure 34. The trend
of the curves suggests slightly greater richness at T 0 than the other two time points.
There is similar richness for T 96 and T 192.
E. coli Sediment Richness Through Time
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Figure 34: E. coli richness in sediment through time
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E. coli Richness in Entire the System
Due to the accumulation curves not approaching an asymptote, the water and
sediment data for E. coli through time was combined. This measures species richness in
the entire system without separating water from sediment (Figure 35). The curves are
closer to reaching an asymptote than when the water and sediment were separated. The
curves suggest lowest richness at T 96 with slightly greater richness at T 192 and T 0.
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Figure 35: E. coli richness through time for entire flume system
Enterococcus spp. Water and Sediment Richness T0
The richness of Enterococcus spp. was measured at each time point. The
accumulation curve generated at T0 is shown in Figure 36. The trends of the curves
indicate greater richness in the water column than in the sediment.
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Figure 36: Enterococcus water and sediment richness at T0
Enterococcus spp. Water and Sediment Richness at T 96
The accumulation curve generated from the distribution of strains of
Enterococcus spp. at T 96 is shown in Figure 37. The curve did not approach an
asymptote for water indicating the need for more sampling to accurately represent the
richness.
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Figure 37: Enterococcus spp. water and sediment richness at T 96
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Enterococcus spp. Water and Sediment Richness at T 192
T 192 richness for Enterococcus spp. is shown in Figure 38. The trends of the
curves indicate greater richness in the water than in the sediment.
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Figure 38: Enterococcus spp. water and sediment richness at T 192
Enterococcus spp. Richness through Time in the Water Column
Another way to visualize richness is through time. The richness in the water
column through time is shown in Figure 39. The trends of the curves indicate greatest
richness at T 0.
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Enterococcus spp . Richness in Water Through
Time
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Figure 39: Enterococcus richness through time in the water column
Enterococcus spp. Richness through Time in the Sediment
The richness in the sediment for Enterococcus spp. through time is shown in
Figure 40. The trend indicated the greatest richness at T 96 however; the curve for T 0
has not approached an asymptote. This observation indicates a need for greater sampling
effort.
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Figure 40: Enterococcus spp. richness through time in the sediment
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Enterococcus spp. Richness in the Entire System
Due to the accumulation curves not approaching an asymptote, the water and
sediment data for Enterococcus spp. through time was combined. This measures species
richness in the entire system without separating water from sediment (Figure 41). The
curves approach the asymptote indicating diversity has been accurately represented by
the sampling. The curves indicate similar richness at T 0 and T 96 with slightly lower
richness at T 192.
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Figure 41: Enterococcus spp. richness through time for entire flume system
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DISCUSSION

DNA Purification Method
BOX-PCR is a genotyping technique used in clinical studies to discriminate
between pathogenic and non-pathogenic strains (36, 56) and in environmental studies for
library-dependent MST and population richness studies (13, 16, 35, 43). In all of these
studies, DNA of numerous isolates must be prepared for use in the BOX-PCR reaction.
In contrast to the cost-effective, rapid whole cell method of DNA preparation used for E.
coli, the standard method in the Harwood laboratory for Enterococcus spp. DNA
purification is the Qiagen DNeasy kit. This step can become very time consuming and
costly when a large sample size is required, as it is for population studies.
In this study, a high throughput, cost-effective method for the purification of
Enterococcus spp. DNA was developed. After many attempts, an instrument designed
for plasmid extraction was adapted for extraction of genomic DNA using a protocol
developed in this study. This method is both cost-effective (less than $1/ reaction) and
can achieve a high throughput (92 isolates in one day). Replicate BOX-PCR fingerprints
generated by the DNA purified using the developed method showed the same percent
similarity to each other as the fingerprints generated using the Qiagen kit; however, there
is a clear grouping of patterns generated from DNA prepared by each method.

84

Persistence of Indicator Organisms in Flume Mesocosm
Previous studies have examined indicator organism persistence in environmental
waters under static conditions (2, 10, 12, 20, 32, 37). In this study, oxygenic, turbulent
conditions in the water column were maintained by to a motor driven propeller.
Environmental waters are not static; therefore this study more accurately mimics certain
environmental conditions (e.g. oxic waters) than mesocosms performed under static
conditions.
E. coli and Enterococcus spp. strains were inoculated in a flume mesocosm and
water and sediment samples were collected over an 8 day period. Initially, E. coli water
and sediment concentrations had little more than one log difference. By day 8, the water
column concentrations had dropped significantly while the sediment concentrations
remained within one log of initial concentrations. Enterococcus water and sediment
concentrations were not significantly different at T 0 but by T 8 sediment concentrations
remained high while water concentrations were reduced to less than 1 CFU/ 100 ml. The
decay rate for E. coli is lower than Enterococcus spp. indicating that E. coli can persist
longer in freshwater systems than Enterococcus spp. This is consistent with a previous
study conducted under static conditions in aerated mesocosms (2).

The lowest decay

rate or slowest die-off for both E. coli and Enterococcus spp. was seen in the sediment,
which indicates that indicator organisms may persist for long periods of time in the
sediment. This observation is consistent with previous studies of indicator organism
persistence in sediments (2, 10, 12, 20, 53). A study done in Siesta Key Florida showed
high indicator organism concentrations in the water and sediment directly after a rain
event and high indicator organism concentrations only in the sediment during a dry event
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(9). This persistence of indicator organisms in sediment can contribute to high microbial
loads delivered to beaches directly after rain events, which cause beach closures. In
contrast to sewage impacted waters, human health risks associated with storm water
impacted waters are likely to be less dangerous but have not been well studied. Due to
the impact these microorganisms have on beaches, the human health risks associated with
them need to be further studied.
In this study, the decay rates of two microorganisms were compared over time.
For this application, the cumulative decay rate equation was deemed most informative.
When examining changes from one day to the next, the daily decay rate equation would
be more accurate and provide the information needed to answer questions about daily
fluctuations. It is important to identify what information the decay rate equation is
providing when determining which equation to use in a study.
Differential Persistence of Indicator Organisms in Flume Mesocosm
One goal of this study was to determine if specific strains of E. coli and
Enterococcus may be better adapted to persist in environmental waters and sediments by
comparing decay rates in a hydrodynamically active system. Only one strain of E. coli
(F) displayed greater persistence in both water and sediment than all other strains. This
strain was initially found in the treated effluent of a wastewater treatment plant and
chosen as a putative survivor due to the stressors it persisted through in the treatment
plant. The persistence of this strain in the hydrodynamically active flume system
confirms this hypothesis (Table 2).
Two strains (B and C) displayed greater persistence than other strains in water but
not in sediment while one (G) showed greater persistence in sediment than other strains
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but not in water. This supports the hypothesis that E. coli C is a survivor but refutes the
hypothesis that E. coli G is a non- survivor (Table 2). The significant increase in
frequency of occurrence of these strains indicates differential persistence of certain
strains of E. coli. This is consistent with a study that was conducted recently in
environmental waters by Ishii et al (33), which investigated the persistence and potential
growth of certain E. coli strains in soils in Lake Superior watersheds. Horizontal,
fluorophore-enhanced repetitive extragenic palindromic PCR (HFERP) DNA
fingerprinting analysis was used for phylotype analysis. Dominant strains unique to
specific geographic locations of the soil were found to persist over the seasonal variations
and the winter months. In the laboratory, these strains that persisted over the winter in
the environment were able to grow to high cell densities in non-sterile soils when
incubated at 30 or 37°C. This indicates the presence of an autochthonous or
“naturalized” population of E. coli in the soil microbial community.
In this study, richness was measured by accumulation curves through time for
each indicator organism. Although the curves did not always approach an asymptote,
trends are apparent. Richness was generally higher at T 0 and decreased over time. This
is consistent with a study performed in mesocosms under static, but aerated conditions
(2). In this study, mesocosms were inoculated with different sources of E. coli
(wastewater, dog feces) and ribotyping was used for phylotype analysis. The richness in
the mesocosms inoculated with wastewater was initially was very high. Over time, two
ribotypes that were found in the uninoculated water and sediment but not in the
wastewater became dominant, while most of the other ribotypes became undetectable in
the mesocosms. This study concluded that certain strains of E. coli found in
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environmental samples were better adapted to persist under environmental conditions
(differential persistence).
One study by Whitman et al aimed to explain the widespread occurrence of E.
coli in the watershed surrounding Lake Michigan (58). This study included a
comprehensive sampling effort to detect E. coli from forest floor near a creek with an
outfall on a beach to the beach sediment on Lake Michigan. E. coli was detected in every
location including up to 70 cm below the surface in the beach sand. This study
concluded that beach areas need to be treated as an entire watershed and showed that,
once established, E. coli populations can persist year round in environmental waters.
Enterococcus spp. is one of the indicator organisms recommended by the FDOH
and U.S. EPA for water quality assessment in marine recreational waters. In this study,
differential persistence of Enterococcus spp. was indicated. Strains 7 and 9 demonstrated
persistence in both water and sediment, confirming the hypothesis that they are survivors
(Table 3). Strain 1, 6, and 10 showed better persistence than the other strains in the water
column, which supported the hypothesis that strains 1 and 6 are survivors, but refuted the
hypothesis that strain 10 is a non- survivor. Strains 4 and 5 did not demonstrate
persistence in either water or sediment, supporting the non-survivor hypothesis (Table 3).
The persistence of Enterococcus spp. in environmental waters is even less studied than E.
coli. A study by Byappanahalli et al in Lake Michigan showed that Enterococcus spp.
are widespread throughout the watershed and in the deep subsurface sands (11). This
implies that Enterococcus spp. and E. coli are components of the sediment microbial
community, and may have become naturalized species (11).
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Enterococcus spp. is used as an indicator in marine waters due to relatively high
salt tolerance. A study was conducted on Enterococcus spp. concentration and species
distribution in marine beach sediment (19). In this study, high levels of Enterococcus
spp. were found in the sediment of a seasonal river and near a storm water drain while
low levels of Enterococcus spp was detected in marine sediments at a surf area and at an
area with 10 m of water. Speciation of Enterococcus spp. sampled from all sites revealed
similar distribution of species in the water vs. sediment and in the samples that exceeded
regulatory limits vs. samples that did not. One hypothesis for high levels of indicator
organisms in sediments is that the source of these bacteria is the water over the sediment.
In this study, the water over the sediment was at least 2 orders of magnitude lower than
the surrounding sediment. Therefore, at the time of the sampling, the overlaying water
was not affecting the sediment concentrations; sediment concentrations may be affecting
the water due to resuspension. These results suggest prolonged persistence of
Enterococcus spp. in marine sediments, and that the sediment can be consistent
contributor to the high levels of enterococci causing beach closures.
The presence of naturalized or autochthonous populations of E. coli and
enterococci complicate determining the source of moderately high levels of indicator
organisms. Point sources of microbial loads (storm water, sewage outflows) are more
straight forward due to the known source of the contamination than non-point sources.
Beaches are closed due to high levels of E. coli all around the county and beach closures
due to concentrations near the regulatory limit usually have an unknown source of E. coli
(58). This may be due to the ability of certain stains of E. coli to persist and act as a
continuous non-point source (58).
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The findings of this study and many others undermine the paradigm of E. coli and
Enterococcus spp. as ideal indicators of fecal contamination (11, 30, 33, 37, 58). An
ideal indicator organism is non-native and unable to reproduce in the environment while
these studies have shown E. coli and Enterococcus spp. are able to persist for long
periods of time and may even become established as a component of the microbial
community in sediments. An ideal indicator organism’s presence or concentration
correlates with the organism(s) responsible for associated health risk. It has been
previously shown that high concentrations of E. coli result from storm water run-off and
the human health risks associated with this is not well studied (9, 49). This questions the
correlation between human pathogens and these currently used indicator organisms.
In conclusion, E. coli and enterococci can persist under mimicked environmental
conditions in the water column and sediments for long periods of time, and certain strains
of these microorganisms display differential survival. This persistence in environmental
waters has implications human health risks and the continuous non- point source of these
microorganisms may contribute to the high loss of revenue associated with beach
closures across the country. The water and sediment microbial community including
native E. coli and enterococci needs to be further studied to better understand the
questionable relationship between these organisms and human pathogens.
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